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SUMMARY 


,11)14  73 


Measurements  are  described  of  the  drag  of  various  forms  of  excrescence 
mounted  on  balances  installed  in  the  walls  of  the  working  section  of  the  RAE 
f^Et  x  ^ft  wind  tunnel.  The  tests  cover  a  range  of  Mach  numbers  between  0.2  and 
2.8  (but  not  transonic)  and  a  range  of  Reynolds  number. 


The  excrescences  tested  include  two-dimensional  steps  and  ridges,  circular 
cylinders  and  wings  mounted  normal  to  the  surface,  and  holes  and  fairings.  It 
is  shown,  for  excrescences  which  are  of  height  small  compared  with  the  boundary- 
layer  thickness,  that  the  scale  effects  on  drag  are  well  correlated  in  terms  of 
the  wall  variables  of  the  turbulent  boundary  layer,  but  that  there  is  a 
dependence  of  drag  on  Mach  number.  For  steps  and  ridges  the  effect  of  cham¬ 
fering  or  rounding  the  upper  corners  was  found  to  be  beneficial  at  subsonic 
speeds  but  far  less  so  at  supersonic  speeds.  For  circular  holes  the  drag  depends 
strongly  upon  the  depth  to  diameter  ratio.  In  an  Appendix  the  oil-flow  patterns 
obtained  for  a  range  of  depth  of  circular  holes  are  shown. 


The  fairings  tested  were  either  half-bodies  of  revolution  with  pointed  or 
rounded  ends  or  of  square  or  rectangular  section  with  pointed  ends.  The  effects 
of  different  amounts  of  immersion  of  the  bodies  into  the  boundary  layer  were 
found  in  some  cases  by  testing  geometrically  similar  bodies  of  different  sizes. 


Amended  version  of  paper  presented  at  AGARD  Specialists  Meeting  on  f Aerodynamic 
drag ▼  at  Izmir  10-13  Apr1KtB?3  with  an  Appendix  on  the  flow  in  circular  cavities. 


CONTENTS 


1  introduction 

2  TEST  ENVIRONMENT 

3  EXPERIMENTAL  TECHNIQUES 

4  RESULTS 

4.1  Steps,  ridges  and  grooves 

4.2  Circular  holes 

4.3  Rectangular  holes 

4.4  Circular  cylinders 

4.5  Stub  wings 

4.6  Fairings 

5  CONCLUDING  REMARKS 

Appendix  Visualization  of  flow  in  circular  cavities 

Symbols 

References 

Illustrations 


Figures  1-36 


£6y0l~£8y0t0*s§a.N 


3 


1  INTRODUCTION 

The  arrival  on  the  aviation  scene  of  supersonic  transport  aircraft  with  a 

high  sensitivity  in  performance  to  drag  at  long-range  cruise  conditions  and  with 

an  enormous  development  cost  produced  a  demand  for  estimates  of  drag  of  higher 

accuracy  than  hitherto.  For  one  of  the  ingredients  of  the  drag,  that  of 

excrescences,  very  little  information  was  available.  Thus,  although  it  was 

anticipated  that  any  successful  aircraft  should  be  ’clean’,  it  was  difficult  to 

assess  what  allowable  tolerance  should  be  placed,  for  example,  on  steps  at  skin 

joints,  or  to  assess  what  were  the  drag  penalties  of  essential  excrescences 

such  as  aerials  and  pitot  tubes.  At  about  the  same  time  it  was  becoming  clear1 

that  the  drag  of  most  current  aircraft  could  have  been  lower  if  more  attention 

had  been  paid  to  the  avoidance  of  unnecessary  excrescences.  Even  though  there 

existed  a  considerable  body  of  experimental  evidence  on  the  drag  of  most  forms 

2 

of  excrescence  at  low  speeds,  mainly  from  the  investigations  of  Wieghardt  and 

.  .  3 

his  co-workers,  which  has  been  collected  together  by  Hoerner  ,  there  was  some 

doubt  as  to  the  application  of  the  results  over  a  wide  Reynolds  number  range. 
There  was  thus  a  clear  requirement  for  an  experimental  programme  to  measure  drag 
of  typical  form3  of  excrescence  on  a  surface  over  which  flowed  a  turbulent 
boundary  layer,  for  wide  ranges  of  both  Reynolds  number  and  Mach  number.  Such 
a  programme  required  a  wind  tunnel  with  variable  density  (an  advantage  not 
enjoyed  by  most  of  the  previous  workers  in  the  field)  and  capable  of  operation 
at  subsonic  and  supersonic  speeds.  Accordingly  tests  were  made  in  the  RAE 
8ft  x  8ft  wind  tunnel  at  Mach  numbers  between  0.2  and  2.8  with  a  Reynolds  number 
range  of  about  10:1  at  each  Mach  number.  The  range  of  Reynolds  number  was 
limited  in  some  cases  by  the  load  ranges  of  the  balances  used  and,  for  some 
configurations,  the  maximum  Mach  number  was  restricted  to  2  because  of  unservice¬ 
ability  of  the  high-pressure  section  of  the  tunnel  compressor.  A  shortcoming 
of  the  tests  is  that  transonic  conditions  were  not  covered.  To  obtain  high 
Reynolds  number  the  walls  of  the  tunnel  were  used,  taking  advantage  of  the 
knowledge^*  already  gained  of  the  boundary  layers  there,  and  of  the  design  of 
the  strain-gauge  balance  used  for  measuring  skin  friction. 

The  excrescences  tested  included  two-dimensional  steps,  ridges  and  grooves, 
representing  defects  in  skin  joints,  cylinders  and  stub  wings  representing 
aerials  and  pitot  tubes,  circular  and  rectangular  holes,  and  half  bodies 
representing  fairings  over  protrusions.  These  last  were  either  half  bodies  of 
revolution  with  pointed  or  rounded  ends  or  of  square  or  rectangular  cross-section 
with  pointed  ends. 
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2  TEST  ENVIRONMENT 

The  drag  of  the  various  types  of  excrescence  was  measured  by  supporting 
them  on  balances  (as  described  in  the  next  section)  which  were  mounted  at  four 
positions  in  the  sidewalls ,  roof  and  floor  of  the  working  section  of  the  RAE 
8ft  x  8ft  wind  tunnel.  In  this  tunnel  the  roof  and  floor  are  flexible  to  provide 
variable  supersonic  nozzles.  Since  some  50  configurations  of  excrescence  were 
contemplated,  the  small  interferences,  which  may  have  existed  between  four 
excrescences  tested  simultaneously,  were  accepted  in  the  interests  of  economic 
operation  of  the  tunnel. 

The  turbulent  boundary  layer  on  the  port  wall  of  the  tunnel  has  been 
investigated  in  great  detail  and  its  characteristics  are  known  to  be  those  for 
a  flow  with  zero  pressure  gradient.  Less  complete  (and  less  accurate)  investiga¬ 
tions  have  been  made  of  the  boundary  layers  on  the  other  wall  and  on  the  roof 
and  floor.  Velocity  profiles  are  not  available  for  all  four  positions  to  confirm 
the  symnetry  of  the  flow  but  skin  friction  measurements  -  which  were  made  of 
necessity  to  define  the  datum  drag  measured  by  the  balances  -  show  symmetry  top 
to  bottom  and  side  to  side.  Characteristics  of  the  boundary  layers  rele\ rnt  to 
the  analysis  made  of  excrescence  drag  are  shown  in  Figs.l,  2  and  3. 

3  EXPERIMENTAL  TECHNIQUES 

The  excrescences  were  mounted  on  strain-gauge  balances  of  design  similar 

4 

to  that  previously  used  for  skin  friction  measurement  .  Two  of  the  balances, 
used  for  the  smaller  excrescences,  were  capable  of  measuring  drag  loads  up  to 
1.8  kg  and  two,  for  the  larger  excrescences,  had  ranges  up  to  18  kg.  A  balance 
with  the  larger  range  (the  range  depended  only  upon  the  size  of  the  supporting 
flexures)  is  shown  in  Fig, 4.  It  differs  from  the  original  design  in  having 
four  flexures  rather  than  three  in  an  effort  to  reduce  the  sensitivity  of  the 
readings  to  temperature  differences  between  the  front  (friction)  plate  and  the 
rear  (mounting)  plate.  All  four  flexures  are  nominally  of  the  same  stiffness  in 
the  fore-and-aft  direction  but  strain  gauges  are  mounted  only  on  two  of  them. 

The  other  two  flexures  are  of  square  section,  to  give  a  reduced  stiffness  in  the 
transverse  direction  (compared  with  the  main  flexures),  so  reducing  transverse 
stresses  caused  by  temperature  changes.  Nevertheless  some  sensitivity  to  tempera¬ 
ture  remained  and  corrections  have  been  applied  to  the  readings  on  the  basis  of 
a  calibration  which  used  the  difference  in  the  indicated  stresses  of  the  two  main 
flexures  as  a  measure  of  temperature  difference  between  the  front  and  rear  plates. 
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The  primary  load  calibrations  of  the  balance*  were  made  in  situ  before 
and  after  each  test,  by  means  of  weights  suspended  on  a  fine  cord  attached  to 
the  centre  of  the  friction  plate  and  passing  over  a  large  diameter  balanced 
.  pulley.  For  the  balances  mounted  in  the  roof  and  floor  the  balance  readings 

for  zero  load  were  adjusted  to  account  for  gravitational  forces  arising  from  the 
,  change  of  slope  of  the  surfaces  with  change  of  setting  of  the  nozzle  shape  with 

Mach  number. 

A  further  correction  has  been  made  to  the  readings  to  eliminate  forces  due 
to  the  pressure  variations  around  the  edge  of  the  friction  plate  where  twelve 
pressure  tappings  were  provided. 

The  three-dimensional  excrescences  were  mounted  directly  on  (or,  in,  for 
the  case  of  holes)  the  front  plate  of  the  balance.  For  the  two-dimensional  forms, 
the  excrescence  was  continued  on  the  sidewall  to  avoid  end  effects.  This  wac 
straightforward  for  ridges,  but  for  steps  it  necessitated  a  fairly  large  fairing 
attached  to  the  tunnel  wall  either  upstream  or  downstream  of  the  balance  centre¬ 
line  across  which  the  step  was  formed.  It  was  checked,  by  making  measurements 
with  both  upstream  and  downstream  fairings  in  position,  as  shown  in  Fig. 5,  and 
with  a  packing  piece  on  the  balance  plate  to  maintain  a  continuous  flush  surface, 
that  the  local  skin  friction  was  not  affected  by  the  presence  of  the  fairing. 

The  drag  of  an  excrescence  is  obtained  as  the  difference  between  the  force 
on  the  balance  with  an  excrescence  present  and  the  force  on  the  clean  balance 
in  the  same  flow  conditions.  Consequently  the  results  presented  include  the 
effect  of  changes  in  skin  friction  on  the  balance  but  not  on  the  tunnel  wall. 

In  the  present  summary  paper  space  does  not  permit  a  detailed  assessment 
of  the  potential  accuracy  of  the  measurements  of  the  drag  of  many  different 
excrescences  at  many  different  conditions.  However,  as  a  rough  assessment  of 
accuracy  a  possible  error  of  about  5£  of  the  local  skin  friction  on  the  balance 
plate  may  be  taken  for  the  small  balances  at  average  Reynolds  numbers,  and  ten 
times  this  for  the  large  balances. 

4  RESULTS 

4, 1  Steps,  ridges  and  grooves 

The  heights  of  these  forms  of  excrescence  were  small  compared  with  the 
boundary-layer  thickness.  The  appropriate  parameters  on  which  the  flow  may  be 
expected  to  depend  are  therefore  those  of  the  inner  region  of  the  boundary 
layer,  as  employed  for  example  in  expressing  the  calibrations  of  surface  devices 


used  to  determine  skin  friction.  Accordingly  a  drag  parameter,  drag  per  unit 
frontal  area  divided  by  surface  shearing  stress,  is  regarded  as  a  function  of  a 
roughness  Reynolds  number,  i.e.  Cp/c^  ■  f(h  ),  with  h  *  u^h/v  ,  where  CD  is 
the  drag  per  unit  area  divided  by  the  freestream  kinetic  pressure,  c^  is  the 
local  skin-friction  coefficient  in  the  absence  of  the  excrescence,  h  is  the 
height  or  depth  of  an  excrescence  and  u^  and  v  are  the  friction  velocity  and 
kinematic  viscosity  based  on  wall  conditions.  Fig. 6  shows  that,  for  a  forward¬ 
facing  step  at  a  given  Mach  number,  there  is  a  unique  line  (within  the  scatter 
due  mainly  to  fluctuations  in  readings)  indicating  a  linear  variation  of  this 
drag  parameter  with  the  logarithm  of  h+.  The  drag  parameter  increases,  for  a 
given  value  of  h+  ,  with  increase  of  Mach  number  up  to  M  ■  1.4  or  a  little 
beyond,  but  is  apparently  independent  of  Mach  number  for  further  increase  of 
Mach  number  up  to  the  maximum,  2.8,  at  which  the  tests  were  made.  The  values  of 
h+  show  that  in  all  the  conditions  of  the  tests  the  tops  of  the  steps  are  with¬ 
in  the  logarithmic  region  of  the  undisturbed  turbulent  boundary  layer.  It  may 
be  expected  that  the  variation  of  the  drag  parameter  with  h+  will  change  for 
very  small  step  height  in  a  way  analogous  to  the  change  in  character  of  the 
velocity  profile  in  the  blending  region  and  sublayer  of  the  boundary  layer.  In 
this  connection  it  is  worth  remarking  that  the  behaviour  is  different  from  that 
for  distributed  roughness  in  that  there  appears  not  to  be  a  critical  height 
below  which  no  drag  increment  occurs.  Although  the  present  results  define  a 
logarithmic  variation  only  for  relatively  small  heights  of  step,  the  results  of 
Good  and  Joubert  for  the  drag  of  the  forward  face  of  a  fence  at  low  speeds 
show  that  the  same  variation  holds  even  when  the  height  of  the  fence  exceeds 
the  boundary-layer  thickness.  This  variation  implies  that  neither  the 
'independent  drag  coefficient'  of  Hoerner  ,  in  which  the  kinetic  pressure  used 
in  forming  the  drag  coefficient  is  the  mean  over  the  height  of  the  step  in  its 
absence,  nor  a  drag  coefficient  based  on  the  velocity  at  the  top  of  the  step, 
is  constant  over  a  range  of  height.  In  the  range  of  h+  from  40  to  1000  the 
former  varies  at  low  speed  between  0.36  and  0,68  and  the  latter  between  0,17 
and  0.41 . 

A  detailed  survey  of  previous  work  has  not  been  made  but  similar 

logarithmic  variations  can  be  deduced  from  a  selection  of  measurements  from 

2 

other  sources.  The  results  of  Wieghardt  at  low  speeds  are  shown  on  Fig, 6  and 
yield  somewhat  lower  values  of  drag.  The  results  of  Good  and  Joubert  give 
values  of  drag  about  50%  higher  than  the  present  results.  They  are,  of  course, 
for  a  different  configuration  and  were  obtained  from  pressure  measurements,  thus 
excluding  changes  in  skin  friction  on  the  datum  surface. 
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At  supersonic  speeds  drag  deduced  for  example  from  the  pressure  measure¬ 
ments  of  Kepler  and  Bogdonof f ^  and  Vas  and  Bogdonof f ^  at  Mach  numbers  of  2.92 
and  3.85  is  roughly  in  accord  with  the  present  analysis.  The  calibration  of 

razor-blade  surface  pitot-tubes  expressed  in  the  form  of  Fig. 6  also  is  roughly 

8 

in  agreement.  The  measurements  of  Czarnecki  at  at,  of  the  drag  of  repeated 
steps  at  M  ■  1.61  on  a  body  of  revolution  give  lower  drag,  as  would  be  expected 
qualitatively  because  of  interference  between  the  steps. 

The  effect  of  rounding  the  upper  corner  of  the  steps  is  shown  in  Fig. 7. 

The  full  and  broken  lines  are  for  values  of  h+  of  1000  and  200  respectively. 

It  can  be  seen  that  at  subsonic  speeds  a  small  amount  of  rounding  produces 
worthwhile  reductions  in  drag.  For  example  the  drag  is  roughly  halved  for  a 
radius  equal  to  one  third  of  the  height.  For  supersonic  speeds  the  drag  reduc¬ 
tion  is  much  smaller.  A  similar  difference  between  the  behaviour  at  subsonic 
and  supersonic  speeds  occurs  for  the  effect  of  chamfering  as  shown  in  Fig. 8. 

This  difference  in  behaviour  is  perhaps  not  sur,  .rising  if  the  effective  wedge 
angle,  which  would  give  the  measured  drag  of  a  plain  step  in  inviscid  flow,  is 
evaluated.  At  M  »  2  and  h+  »  1000  this  angle  is  only  13  degrees.  Thus,  if  the 
flow  attaches  on  a  rounded  step  at  the  same  an  ;le,  the  effective  height  might  be 
expected  to  be  changed  by  a  factor  equal  to  the  cosine  of  this  angle  for  a 
radius  equal  to  the  step  height,  i.e.  an  effective  reduction  of  3%.  The  effect 
of  a  chamfer  would  not  be  expected  to  be  very  great  until  the  angle  was  reduced 
to  a  value  of  the  same  order  as  the  effective  separation  angle. 

The  drag  of  rearward-facing  steps  has  been  plotted  in  the  same  way  in 
Fig. 9.  Mean  lines  only  are  shown  to  avoid  confusing  the  figure.  The  scatter 
of  the  experimental  points  is  slightly  greater  than  in  Fig, 6.  The  measurements 
at  M  *  1.7  and  2.0,  which  were  taken  in  a  different  set  of  tests  from  the  body 
of  the  results,  show  some  inconsistency  with  the  other  results,  fhe  drag  para¬ 
meter  varies  linearly  with  the  logarithm  of  h+  as  for  forward-facing  steps 
but  the  variation  with  Mach  number  is  different.  At  a  given  value  of  h  the 
drag  parameter  increases  with  increase  of  Mach  number  from  low  speeds  to  reach  a 
maximum  at  about  M  =  1.4  and  then  falls  again  at  higher  Mach  numbers.  This  type 

9 

of  behaviour  has  been  noted  previously  by  Hastings  in  his  measurements  of  base 

drag.  His  results  at  supersonic  speeds  are  in  fair  agreement  with  those  i  . 

Fig. 9.  As  for  forward-facing  steps,  the  results  of  Ref. 8  give  lower  drag.  At 

.  2 

low  speeds  the  results  agree  well  with  those  of  Wieghardt  but  not  with  those 
of  Tani  et  all®. 
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The  effect  of  chamfering  the  rearward-facing  step  was  tested  (Fig. 10)  but 
not  that  of  rounding.  At  low  speeds  for  the  lower  value  of  h+  shown,  there 
appears  to  be  a  substantial  benefit  in  chamfering,  but  at  the  higher  value  of 
h  there  appears  to  be  a  small  penalty  for  a  small  amount  of  chamfer  and  there 
is  little  reduction  in  drag  unless  the  chamfer  angle  is  reduced  to  about 
20  degrees.  This  result  is  confirmed  by  some  measurements  of  Wieghardt  .  The 
drag  increase  does  not  occur  at  supersonic  speeds  but  no  substantial  benefit 
is  obtained  unless  the  chamfer  angle  is  reduced  below  10  degrees. 

For  the  drag  of  square  ridges,  mean  lines  only  are  shown  in  Fig.ll.  Also 

shown,  as  broken  lines  in  the  figure,  are  results  for  rectangular  ridges  of 

width  2h,  which  were  taken  as  a  basic  section  to  investigate  the  effects  of 

rounding,  since  a  limiting  semicircular  shape  was  thus  obtained  with  r  -  h  . 

As  might  be  expected  the  drag  of  a  ridge  is  closely  related  to  the  sum  of  the 

drags  of  forward-  and  rearward-facing  steps.  For  square  ridges  at  low  speeds 

interference  between  the  flows  over  the  two  faces  leads  to  a  drag  parameter 

about  50%  greater  than  the  f.  .  for  the  separate  faces  but  the  interference 

diminishes  at  supersonic  sp.-vis  and  is  virtually  zero  at  M  «  2.8.  Little 

published  information  has  been  found  with  which  comparisons  can  be  made.  Again, 

2 

the  results  at  low  speeds  are  in  good  agreement  with  Wieghardt  ,  and  the  drag 
is  slightly  less  than  found  by  Good  and  Joubert^  for  a  fence.  The  results  for 
rectangular  ridges  have  lower  slope  than  those  for  square  ridges  but  have  the 
same  characteristic  variation  with  Mach  number. 

The  effects  of  rounding  the  top  corners  of  the  ridges  are  shown  in  Fig. 12. 
It  can  be  seen  that  at  both  subsonic  and  supersonic  speeds  there  is  an  optimum 
in  the  radius  for  about  r  ■  0,6h,  The  optimum  is  clearly  defined  at  low  speeds 
but  becomes  less  pronounced  at  supersonic  speeds.  No  previous  information 
showing  this  detail  has  been  found  but  the  results  for  a  semicircular  ridge 
are  again  in  close  agreement  with  those  of  Wieghardt  (even  in  showing  a  non¬ 
linear  variation  with  log  h+  ,  a  feature  not  brought  out  in  the  presentation 
of  Fig. 12). 

For  sharp-edged  steps  and  ridges,  the  drag  may  be  estimated  from  the 
formula 

n 

—  =  C  log  h  +  D 
cf 


(0 


Aero 

1538 


9 


where  C  and  D  have  values  as  given  below 


M 

0.2 

0.8 

1.4 

2.2 

2.8 

Forward 

C 

60 

60 

80 

80 

80 

step 

D 

-80 

-70 

-65 

•65 

-65 

Rear 

C 

16 

20 

48 

50 

35 

step 

D 

-6 

-13 

-18 

-30 

-12 

Square 

C 

150 

150 

160 

no 

100 

ridge 

D 

-190 

-160 

-125 

-42 

-44 

For  grooves  the  drag  increments  were  small  and  the  accuracy  of  the 
measurements  consequently  poor.  For  grooves  in  the  direction  of  the  flow  the 
drag  increase  measured  by  the  balance  was  roughly  equal  to  the  local  skin 
friction  acting  on  the  increased  surface  area,  that  is  on  the  sides  of  the  groove. 
For  grooves  normal  to  the  flow  a  drag  coefficient  has  been  defined  based  on  the 
surface  area  of  the  groove,  and  a  Reynolds  number  based  on  the  width  of  the 
groove  l  .  Approximately  the  drag  is  given  for  all  Mach  numbers  tested 
(0.2,  0.8,  1.4,  2.2,  2.8)  and  for  three  widths  of  groove  (A/h  *  1,  2,  3)  with 
h  A  0.036  by  the  formula 

C.  u  £  u  £  , 

—  -  2  log  -I-  -  2  for  10  <  JL.  <  10J  .  (2) 

c^  °  V  V 

The  measurements  are  not  sufficiently  accurate  to  determine  the  effect  of 
variation  in  £/h  but  the  formula  above  is  roughly  consistent  with  the  drag 
found  for  rectangular  joles  and  shown  in  Figs. 16  and  17, 

Except  at  very  low  Reynolds  numbers  the  drag  of  a  long  groove  normal  to 

the  flow  is  thus  greater  than  that  of  the  same  groove  along  the  flow.  This 

2 

result  differs  from  that  of  Wieghardt  for  screw  slots.  The  difference  is 
attributed  to  the  drag  of  the  ends  of  the  slots  being  included  in  Wieghardt' s 
measurements  but  not  in  those  of  the  present  work. 

4,2  Circular  holes 

The  flow  pattern  within  a  hole  is  of  a  complex  three-dimensional  nature 
and  will  depend  upon  the  conditions  of  the  flow  approaching  the  hole  and  the 
geometry  of  the  hole.  It  is  unlikely  that  any  simple  analysis  will  be  capable 
of  describing  all  the  possible  flow  patterns.  For  example  for  very  shallow 
holes,  reattachment  of  the  flow  leaving  the  forward  edge  will  occur  with 
subsequent  further  separation  as  the  downstream  edge  is  approached.  In  fact  it 


was  found  that  for  the  shallowest  holes  tested  a  fair  estimate  of  the  drag  could 
be  made  by  assuming  that  the  pressure  variation  on  the  vertical  face  of  the  hole 
was  that  of  forward  and  rearward  facing  steps  multiplied  by  the  square  of  the 
cosine  of  the  local  angle  of  sweep  of  the  edge  of  the  hole.  Within  deeper  holes 
complex  vortex  patterns  will  occur.  However,  in  some  way  the  flow  within  the 
hole  will  be  driven  by  the  shear  stresses  across  the  face  of  the  hom  and  these 
shear  stresses  will  be  related  to  those  in  the  boundary  layer  approaching  the 
hole.  An  analysis  has  therefore  been  made  by  considering  the  drag  of  the  hole 
as  arising  from  an  effective  shear  stress  r*  ,  and  this  has  been  non- 
dimensionalised  by  the  shear  stress  x  in  the  approaching  boundary  layer,  so 
that  an  incremental  drag  parameter  Cp/c^  ■  t'/t  -  1  has  been  defined.  Here 
Cp  is  the  drag  coefficient  based  on  the  planform  area  of  the  hole  and  c^  is 
the  skin-friction  coefficient  of  the  approaching  boundary  layer.  The  drag 
parameter  will  depend  upon  a  Reynolds  number  of  the  flow  across  the  hole,  taken 
as  u^d/ v  ,  where  d  is  the  hole  diameter,  on  the  Mach  number  of  the  flow,  and 
on  the  hole  depth  to  diameter  ratio.  Thus  we  may  take 


Inspection  of  the  results  for  each  hole  and  each  Mach  number  over  a  range 
of  Reynolds  numbers  showed  that  they  could  be  expressed  as 


where  B  was  found  to  depend  upon  Mach  number  but  was  sensibly  independent  of 
hole  depth  whilst  A  depends  strongly  upon  borv>  Mach  number  and  hole  depth. 
Values  of  A  and  B  are  shown  in  Figs. 13  and  »4.  There  is  practical  interest 
in  the  drag  of  holes  with  depths  greater  than  the  maximum  of  h/d  -  1/3  of  the 
present  tests.  The  results  of  previous  work  at  low  speeds  have  therefore  been 
analysed  in  terms  of  equation  (4).  In  making  the  analysis  it  has  been  necessary 
to  estimate  skin-friction  coefficients  and  to  assume  that  the  value  of  B 
obtained  from  the  present  results  could  be  taken  even  though  the  Reynolds  numbers 
of  the  previous  tests  were  lower.  Values  of  A  derived  from  the  measurements 
of  Wieghardt  agree  with  the  present  findings  in  the  region  of  overlap  and  are 
shown  in  Fig. 13.  Consistent  values  have  also  been  obtained  from  the  tests  of 


II  ..12 

Tillmann  and  Friesing  .  These  tests  covered  a  wide  range  of  values  of  d/6  , 
the  ratio  of  hole  diameter  to  boundary  layer  thickness,  and  the  values  of  A 
show  no  strong  dependency  upon  this  parameter.  The  extension  of  the  results  to 
larger  values  of  h/d  reveals  a  strong  almost  periodic  variation  of  A  with 
h/d  . 

A  brief  oil-flow  study  has  been  made  of  the  flow  in  holes  in  an  attempt 
to  find  the  flow  patterns  associated  with  this  variation.  The  study  was  made 
in  a  small  blower  tunnel  and  it  is  not  known  if  the  drag  variations  implied  by 
Fig. 13  actually  occur  in  the  study.  However,  in  view  of  the  apparent  generality 
of  Fig. 13  it  is  assumed  that  this  is  likely.  The  oil  flow  pattern  for  a  hole 
of  depth:  diameter  ratio,  h/d  *  0.47  was  found  to  have  a  unique  character 
compared  with  patterns  for  other  holes  in  the  range  tested,  0.04  <  h/d  <  1.34  . 

A  photograph  of  the  pattern  is  given  in  Fig. 15  in  which  linings  to  the  floor  and 
wall  of  the  hole  are  shown.  The  photograph  implies  the  existence  of  two  vortex 
sheets,  the  upper  one  rolling  up  from  a  spiral  point  on  the  starboard  wall,  and 
presumably  engulfing  the  lower  sher.c,  emanating  from  the  floor,  in  the  rolling- 
up  process.  The  coiled  sheet  appears  to  lie  across  the  hole  at  about  45°  to  the 
stream  direction,  and  its  field  appears  to  sweep  new  fluid  into  the  hole  roughly 
normal  to  its  axis,  as  indicated  by  the  streamlines  on  the  floor.  This  power¬ 
ful  interchange  of  fluid  presumably  could  account  for  the  high  drag  but  the 
reason  for  the  formation  of  the  pattern  is  not  understood.  It  should  be  noted 
that  though  the  pattern  showed  a  preference  for  the  asymmetry  as  shown  in  the 
photograph,  patterns  of  the  opposite  hand  occasionally  occurred.  Further  details 
of  the  flow  pattern  for  other  values  of  the  depth  of  the  hole  are  given  in  the 
Appendix. 

4.3  Rectangular  holes 

A  few  measurements  have  also  been  made  with  rectangular  holes.  Samples 
of  the  results  are  shown  in  Figs. 16  and  17  at  one  Reynolds  number  only, 

4 

u^JL/v  «  2  x  10  ,  where  i  is  the  length  of  the  hole  in  the  stream  direction. 

Insufficient  combinations  of  planform  aspect  ratio  and  depth  to  length  ratio 

were  tested  to  make  any  comprehensive  analysis  possible.  In  Fig. 16  values  of 

the  drag  parameter  Cp/c^  are  plotted  against  h/f  .  The  measurements  show  a 

tr«.nd  of  decreasing  drag  with  increase  of  depth  ratio.  This  trend  is  genuine 

for  the  three  points  with  planform  aspect  ratio  of  0.4  but  may  be  coincidental 

for  the  points  with  aspect  ratios  of  1  and  2.5.  As  a  check  on  this,  results 
1 2 

from  Friesing  for  holes  with  varying  depth  ratio  are  shown.  These  results  are 
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at  different  Reynolds  numbers  and  have  simply  been  scaled  so  that  the  curves  on 
Fig. 16  pass  through  the  points  of  the  present  measurements.  The  curves  imply 
that  the  trend,  whilst  not  being  unique  for  different  aspect  ratios,  is  followed 
roughly.  It  is  interesting  to  note  that,  if  a  'lower  bound'  is  fitted  to  the 
oscillatory  curve  of  Fig. 13  and  the  variation  of  the  drag  parameter  on  the  lower 
bound  for  circular  holes  is  then  estimated  at  a  mean  Reynolds  number  of 
tt/4  u^d/v  *  2  x  10^,  the  general  trend  of  the  results  for  rectangular  holes  is 
well  matched.  This  result  suggests  that  at  low  speeds  the  drag  of  a  circular 
hole  which  is  not  very  shallow  will  generally  exceed  that  of  a  rectangular  hole 
of  similar  depth  and  streamwise  extent. 

In  Fig, 17  the  variation  of  the  drag  of  two  particular  holes  with  Mach 
number  is  shown  and  compared  with  the  variation  for  a  circular  hole  (of  depth 
chosen  so  that  the  variation  is  not  unduly  influenced  by  the  oscillatory  charac- 
teristics).  At  subsonic  speeds  all  three  holes  show  an  increase  in  drag  with 
increase  in  Mach  number,  but  at  supersonic  speeds  the  drag  of  the  circular  hole 
diminishes  whilst  the  drag  for  the  square  and  roctf.ngular  holes  continues  to 
rise.  This  trend  is  contrary  to  that  found  by  McGregor  .  Further  work  is 
needed  to  resolve  the  discrepancy  and  to  put  the  estimation  of  the  drag  of 
rectangular  holes  on  a  firmer  basis.  McGregor's  investigations  concentrated  on 
determining  the  effects  of  acoustic  resonance  on  drag.  The  present  results 
may  be  influenced  by  such  effects  but  no  positive  evidence  of  their  occurrence 
was  found. 

4.4  Circular  cylinders 

The  flow  past  a  circular  cylinder  normal  to  a  wall  is  also  very  complex. 

At  the  base  of  the  cylinder  separation  of  the  approaching  flow  leads  to  the 
formation  of  one  or  more  horseshoe  vortices  wrapped  round  the  front  of  the 
cylinder,  and  trailing  in  the  downstream  direction.  If  the  flow  is  supersonic 
there  will  also  be  complicated  shock  patterns  produced  by  the  interaction  of  the 
bow  shock  of  the  cylinder  and  the  boundary  layer.  Further  out  from  the  wall  the 
variation  of  the  drag  along  the  cylinder  will  still  not  be  simple  since,  even 
with  the  assumption  that  the  drag  may  be  treated  stripwise,  the  local  drag  will 
depend  upon  the  local  values  of  kinetic  pressure,  Mach  number,  and  Reynolds 
number.  An  attempt  has  been  made  in  the  analysis  to  take  account  of  these 
various  factors  in  an  empirical  way,  ignoring  of  necessity  the  development  of 
a  proper  model  of  the  flow. 
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For  cylinders  which  are  very  short  compared  with  the  boundary  layer 
thickness,  the  drag  is  roughly  the  same  as  that  of  shallow  holes,  and  can  be 
estimated  approximately  in  the  same  way  by  using  the  information  on  the  drag  of 
steps,  with  a  factor  for  the  angl'e  of  sweep  of  the  vertical  faces.  This  approach 
may  be  considered  as  a  drag  analogue  to  the  law  of  the  wall  for  a  turbulent 
boundary  layer.  An  extended  analogy  with  velocity  profiles  has  been  considered 
for  longer  cylinders  which  project  beyond  the  logarithmic  region  by  introducing 
a  drag  defect  function  analogous  to  the  usual  velocity  defect  function  as 
suggested  by  Good  and  Joubert^. 

Measurements  were  made  of  the  incremental  drag  created  by  cylinders  of 
diameter  d  «  12.7  mm  with  length  to  diameter  ratios  s/d  ranging  from  1  to  20. 
The  boundary  layer  thickness  was  of  the  order  of  10d.  As  a  sample  of  the 
results  the  values  of  drag  coefficient  (based  on  frontal  area)  for  a  Mach 
number  of  1.4  are  shown  in  Fig. 18  plotted  against  a  Reynolds  number  Red  based 
on  freestream  conditions  and  cylinder  diameter.  For  all  lengths  of  cylinder 
the  drag  increases  with  increase  of  Reynolds  number  but  the  rate  of  increase 
diminishes  as  the  length  of  the  cylinder  increases. 

In  order  to  estimate  the  drag  of  cylinders  which  extend  outside  the 
boundary  layer  knowledge  of  the  drag  coefficient  under  freestream  conditions, 

CD  ,  is  required.  It  has  also  been  taken  as  a  datum  value  on  which  to  base 
other  parts  of  the  drag  estimate.  Its  value  has  been  found  by  extrapolation 
from  results  such  as  those  in  Fig. 18  for  the  five  Mach  numbers  at  which  measure¬ 
ments  were  made,  and  is  shown  in  Fig. 19,  again  plotted  against  Re^  ,  At 
M  *  0.2  the  range  of  Re^  extends  jus-  into  the  critical  region,  and  it  is  of 
interest  to  note  that  the  manner  in  which  decreases  falls  within  the  band 

of  previous  measurements  at  low  speeds,  and  that  the  critical  value  of  Red  is 
not  exceptionally  low  as  might  have  been  anticipated  from  the  effects  of  the 
proximity  of  the  highly  turbulent  flow  of  the  tunnel-wall  boundary  layer.  At 
the  other  values  of  Mach  number  the  separation  over  the  rear  of  the  cylinder  is 
determined  by  compressibility  effects  and  no  drag  decrease  occurs  with  increase 
of  Re^  .  A  further  point  to  note  is  that  the  drag  actually  increases  steadily 
with  increase  of  Re^  (dC b^/d  log  Re^  being  about  0.08),  This  increase  is 
slower  than  that  shown  by  Roshko^  for  low  speed  flow  at  supercritical  Reynolds 
numbers.  The  results  of  Fig. 19  enable  corrections  for  differences  in  Reynolds 
number  to  be  made  and  a  comparison  with  previous  measurements  to  be  obtained  as 
shown  in  Fig. 20. 
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The  analogy  with  a  velocity  defect  function  is  taken  in  the  form 


where  is  the  drag  coefficient  of  a  cylinder  of  length  s  *  6gg  where 

6^^  is  the  boundary- layer  thickness  to  991!  of  fret-stream  velocity.  Within  the 

range  shown  by  the  bars  in  Fig. 21  it  has  been  found  that  CD  is  proportional 

6 

to  Cp  at  a  given  Mach  number  and  the  variation  of  the  ratio  is  shown  plotted 

00 

against  Mach  number. 

It  had  been  hoped  that  a  drag  defect  function  independent  of  Mach  number 
could  be  found,  but  for  the  reasons  given  previously  the  failure  to  find  this, 
as  shown  in  Fig. 22,  is  not  surprising. 

Figs. 20,  21  and  22  enable  an  estimate  of  drag  to  be  made  for  cylinders  of 
any  length  greater  than  about  0.16  .  For  cylinders  immersed  completely  in  the 
boundary  layer 


(6) 


and  for  cylinders  which  extend  into  the  freestream 


(7) 


The  broken  lines  on  Fig. 18  show  estimates  derived  from  equations  (6)  and 
(7),  with  boundary- layer  characteristics  taken  from  Figs.l  and  2.  The  comparison 
with  the  measurements  shows  that  the  simplifications  introduced  in  the  estima¬ 
tion  method  lead  only  to  small  errors  in  the  variation  of  drag  with  Reynolds 
number. 

4.5  Stub  wings 

Four  different  stub  wings  were  included,  of  spans  2.5,  1.25,  0.25  and 
0.125c,  where  c  is  the  chord.  The  drag  coefficient  (based  on  frontal  area) 
is  shown  plotted  against  Reynolds  number  based  on  chord  in  Fig. 23.  The  results 
are  similar  in  character  to  those  for  circular  cylinders  and  it  was  hoped  that 
the  analysis  made  for  the  cylinders  could  be  carried  over  to  stub  wings,  or  indeed 
to  any  other  stiuilai-  sort  of  object  projecting  into  or  through  a  boundary  layer. 


In  particular  it  was  hoped  that  the  drag  defect  functions  F  (Fig. 22)  and  the 
drag  ratio  (Fig. 21)  could  be  taken  as  being  fairly  universal  so  that  given  a 
knowledge  of  the  drag  of  an  object  in  the  freestream  its  drag  in  a  boundary 
layer  could  then  be  estimated.  The  drag  of  the  stub  wings  at  subsonic  speed 
is  small  and  has  not  been  resolved  with  sufficient  accuracy.  Analysis  has  been 
made  only  of  the  results  at  supersonic  speed.  In  the  analysis  the  hopes  are 
only  partially  realised.  The  drag  defect  function  was  found  to  have  a  variation 
both  with  Mach  number  and  s/6  similar  to  that  for  circular  cylinders  but  its 
values  are  scaled  by  a  factor  of  However  the  drag  ratio  (Fig. 25)  whilst 
having  values  close  to  that  for  a  circular  cylinder  at  M  *  2.2  and  2.8  was 
about  51  lower  at  M  *  3.4.  The  drag  coefficient  of  the  wing  section  at  free¬ 
stream  conditions  at  supersonic  speeds  is  shown  in  Fig. 24.  The  streamlining  of 
an  aerofoil  section  compared  with  a  circular  cylinder  gives  a  reduction  in  drag 
of  some  40%.  The  estimates  shown  by  the  broken  lines  on  Fig. 23  are  much  less 
satisfactory  than  for  circular  cylinders. 

4.6  Fairings 

The  measurements  of  the  drag  of  fairings  are  the  least  satisfactory  part 
of  the  investigation,  and  so  far  no  general  understanding  of  the  results  has 
been  achieved  but  some  observations  can  be  made  about  them  which  give  guide 
lines  for  design.  The  results,  as  drag  coefficients  based  on  the  frontal  area 
of  the  fairings,  plotted  against  the  ratio  of  boundary-layer  thickness  to 
fairing  height  are  shown  in  Figs. 26  and  27  for  Mach  numbers  of  0,2  and  1.4  as 
being  typical  of  the  behaviour  at  subsonic  and  supersonic  speeds  respectively; 
sketches  of  the  fairings  are  included  with  these  figures.  Altogether  10  configura¬ 
tions  were  tested,  and  the  points  shown  are  for  the  maximum  and  minimum  Reynolds 
number  for  each  configuration.  There  is  some  small  inconsistency  in  the  drag 
as  presented  because  some  of  the  excrescences  extended  beyond  the  front  plate 
of  the  balance  so  covering  parts  of  the  wall  the  skin-friction  drag  of  which  was 
not  included  in  the  datum  drag. 

The  first  observation  is  that  at  subsonic  speeds  CD  increases  with 
increased  immersion  of  the  fairings  in  the  boundary  layer  and  is  considerably 
less  than  at  supersonic  speeds  where  the  drag  decreases  with  increased  immersion. 
Apparently  at  subsonic  speed  viscous  effects  are  dominant  whereas  at  supersonic 
speed  wave  drag  is  diminished  by  the  damping  action  of  the  boundary  layer.  This 
is  shown  most  clearly  by  the  results  for  the  parabolic  bodit  (1),  (2)  and  (3) 
of  semi-circular  cross-section  and  fineness  ratio  3:1,  for  which  an  extended 
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range  of  6/h  was  obtained  by  testing  three  sizes  of  body.  At  subsonic  speed 
Cp  tends  to  zero  at  infinite  Reynolds  number  (6/h  *  0),  and  at  supersonic  speed 
CD  has  been  extrapolated  to  an  estimated  value  for  the  forebody  drag  plus  a 
base  drag.  The  estimate  has  been  made  in  this  way  because  it  is  known  from 
observation  of  tufts  that  there  was  considerable  separation  over  the  rear  of 
the  body. 

For  the  remaining  bodies,  which  differ  from  bodies  (1),  (2)  and  (3)  in 
having  greater  fineness  ratio  and  in  having  end  profiles  of  circular  arc  rather 
than  parabolic  arc  form,  the  variation  of  drag  with  immersion  in  the  boundary 
layer  is  greater.  Body  (8)  which  resembles  (1),  (2)  and  (3),  but  has  a  parallel 
mid-section,  has  a  drag  roughly  consistent  with  that  of  these  bodies,  and  with 
them  has  the  lowest  drag.  Comparison  of  (8)  with  (4)  and  (5)  (the  arrows  on  the 
sketches  of  the  bodies  show  the  wind  direction)  indicates  that  a  hemispherical 
forebody  (body  (5))  has  a  small  penalty  compared  with  a  pointed  body  at  subsonic 
speed  and  a  large  penalty  at  supersonic  speed  but  that  the  reverse  is  true  for 
a  hemispherical  afterbody  (body  (4)).  Bodies  (6)  and  (7)  which  have  a  rectangular 
cross-section  of  2:1  aspect  ratio  have  slightly  higher  drag  than  (8),  which  has 
a  semi-circular  cross-section.  Their  increased  length  compared  with  body  (8) 
perhaps  compensates  for  any  improvement  due  to  the  increased  fineness  ratio  of 
either  the  forebody  or  afterbody.  The  fact  that  their  drag  is  rougnly  the  same 
suggests  that  there  is  no  advantage  in  increasing  the  forebody  or  afterbody 
length  above  a  value  of  about  3h.  Finally  the  square  cross-section  bodies  (9) 
and  (10)  have  high  drag  but  the  variation  with  6/h  is  rapid  over  the  limited 
range  investigated  and  comparison  with  other  bodies  might  be  different  at 
different  values  of  6/h  .  The  differences  in  drag  between  them  confirms  the 
penalties  of  a  bluff  afterbody  at  low  speed  and  a  bluff  forebody  at  supersonic 
speed  as  indicated  by  the  comparison  of  (4)  and  (5). 

5  CONCLUDING  REMARKS 

It  is  suggested  that  the  experimental  results  and  the  analysis  given 
provide  means  of  estimating  the  drag  of  many  of  the  excrescences  found  on  air¬ 
craft,  There  are,  however,  obvious  shortcomings  of  the  work,  and  considerable 
scope  for  extension  on  various  aspects, 

A  notable  omission  is  the  lack  of  any  study  of  effects  which  may  accumulate 
downstream  because  of  disturbances  in  the  boundary  layer  and  because  of  the 
effects  of  pressure  gradients.  Investigation  is  needed  particularly  of  the  down¬ 
stream  effects  of  three-dimensional  forms  of  excrescence,  and  of  the  effects  of 
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excrescences  in  three-dimensional  boundary  layers.  The  work  of  Nash  and 
Bradshaw  has  shown  that  for  simple  excrescences  in  two-dimensional  flow  a 
’magnification  factor*  to  account  for  the  effects  of  pressure  gradients  is 
calculable.  Cook^  has  given  some  further  confirmation  of  this  for  the  flow 
over  an  aerofoil  with  a  ridge  but  has  drawn  attention  to  the  powerful  effects 
which  may  occur  if  the  flow  in  the  vicinity  of  the  ridge  is  near  critical. 
Further  work  is  needed  both  on  the  drag  of  excrescences  and  on  their  overall 
effect  on  the  flow  over  wings  and  bodies  at  transonic  speed.  The  effect  of 
sweepback  on  steps  and  ridges  should  also  be  studied. 

The  measurements  of  the  drag  of  holes  need  extending  to  deeper  holes,  to 
holes  with  different  planforms  and  cross-sections  and  exploration  is  needed  of 
the  possible  benefits  from  shaping  the  edges  of  holes.  Information  is  also 
needed  on  the  drag  caused  by  air  intakes  and  outlets. 

The  investigation  of  the  drag  of  fairings,  though  providing  some  guidance 
for  the  designer,  is  far  from  complete.  The  superficial  assessment  made  so  far, 
for  example,  covers,  for  the  most  part,  only  the  effects  of  changes  in  Reynolds 
number  on  the  total  flow.  More  investigation  is  needed  of  the  effects  on  drag 
of  variation  in  size  of  the  excrescence  in  relation  to  a  given  boundary-layer 
flow.  Furthermore,  since  the  purpose  of  fairings  is  to  reduce  the  drag  of  some 
necessary  obstacle,  a  proper  approach,  from  purely  aerodynamic  considerations, 
would  be  to  attempt  to  define  a  shape  with  minimum  drag  surrounding  a  given 
obstacle. 

There  are  also  other  topics  not  covered  in  the  investigation  described 
here,  amongst  which  are  the  increments  in  drag  caused  by  surface  distortions  and 
by  arrays  of  excrescences.  To  obtain  a  better  understanding  of  the  drag  of 
arrays  it  is  necessary  to  establish  the  way  in  which  interferences  between 
individual  excrescences  develop  as  their  density  increases  and  the  drag  changes 
from  that  for  isolated  excrescences  to  that  for  distributed  roughness. 
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Appendix 

VISUALIZATION  OF  FLOW  IN  CIRCULAR  CAVITIES 

As  noted  in  the  main  text  an  oil-flow  study  was  made  of  the  flow  in 
circular  cavities  in  low-speed  airflow.  Further  details  of  the  results  of  the 
flow  visualization  are  described  in  this  Appendix. 

The  observations  were  made  in  a  blower  tunnel  with  a  working  section  1,2m 
wide  x  0.3m  high  for  cavities  146mm  diameter  and  of  varying  depth,  mounted  in 
the  floor  of  the  tunnel.  The  turbulent  boundary  layer  approaching  the  cavities 
was  about  35mm  thick  and  the  tunnel  speed  was  about  40  m/s.  No  measurements 
of  forces  on  the  cavities  were  made  and  it  is  assumed  that  the  results  of  Fig. 13 
apply.  The  floor  of  the  tunnel  surrounding  the  holes  and  the  walls  and  floors 
of  the  holes  were  lined  with  black  plastics  sheeting,  on  which  the  oil-flow 
patterns  were  formed  and  which  were  then  removed  for  photographing.  The  oil- 
flows  were  obtained  by  brushing  a  mixture  of  oil  and  pigment  over  the  surfaces. 
Because  of  the  big  variation  in  depth  of  holes  there  was  a  very  wide  range  of 
surface  shearing  stress  and  no  single  mixture  of  oil  and  pigment  was  satisfactory. 
The  oil  was  generally  paraffin  (kerosene)  but  for  some  configurations  was  mixed 
with  a  light  machine  oil  or  a  light  silicone  oil.  The  pigment  was  either 
titanium  dioxide  or  a  'Dayglo*  powder.  When  the  latter  was  used  the  photographs 
were  taken  under  ultra-violet  light. 

The  photographs,  each  with  an  attempted  interpretation  of  the  surface- 

streamline  pattern  in  terms  of  the  classical  singularities  described  by 
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Lighthill  ,  are  shown  in  Figs. 28  to  36.  The  presence  of  sharp  edges  and  corners 

introduces  features  of  the  flow  which  are  difficult  to  describe  in  these  terms. 

In  the  figures  the  freestream  flow  direction  is  vertically  down  the  page  for 
the  oil-flows  of  the  floor  of  the  tunnel  and  floor  of  the  hole  and  also  for  the 
sketches  of  surface  streamlines.  The  oil-flows  on  the  walls  of  the  holes  are 
shown  (except  in  Fig. 28)  with  the  surface  unrolled,  the  cut  in  the  walls  being 
at  the  downstream  centre-line  of  the  holes  and  with  the  top  edge  of  the  hole 
uppermost.  A  certain  amount  of  imagination  has  been  used  in  drawing  the  stream¬ 
line  patterns,  particularly  for  the  deeper  holes  where  the  low  shearing,  stresses 
allow  the  patterns  to  be  dominated  in  places  by  oil  running  down  the  walls  under 
gravity.  A  misleading  indication  of  the  flow  along  the  plane  of  symmetry  down¬ 
stream  of  the  holes  is  also  given  by  the  effects  of  oil  accumulating  on  the  down¬ 

stream  edge  and  washing  away  in  bulk.  The  streamlines  have  also  been  treated 
in  a  fairly  cavalier  fashion  at  the  sharp  corners  at  the  top  and  bottom  of  the 
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walls,  and  occasionally  have  been  drawn  as  being  continuous  there,  where  in 
reality  some  local  separations  must  occur.  Such  separations  have  been  ignored 
where  it  has  been  considered  that  they  have  only  a  secondary  influence  on  the 
overall  flow  pattern.  In  order  to  draw  streamlines  simply,  without  the  complica¬ 
tions  of  a  proper  perspective,  the  walls  have  been  flattened  to  appear  as  an 
annulus  between  the  floor  of  the  hole  and  the  floor  of  the  tunnel,  so  that  the 
whole  surface  is  taken  as  planar.  Though  the  patterns  were  accurately  repeatable 
(apart  from  occasional  switches  of  hand)  some  observations  with  smoke  and  tufts 
showed  that  the  flow  was  extremely  unsteady. 

As  noted  in  the  main  text  the  flow  for  a  very  shallow  hole  separates  from 
the  upstream  edge,  attaches  on  the  floor,  separates  again  on  approaching  the 
downstream  edge  and  reattaches  on  the  surface  downstream  of  the  hole.  This  type 
of  flow  is  shown  in  Fig. 28  where  the  hole  depth:  diameter  ratio,  h/d,  is  0.04. 

The  oil-flow  for  the  wa!l  of  the  hole  is  not  shown  in  this  figure.  The  main 
attachment  on  the  floor  of  the  hole  is  the  nodal  point  Nj  ,  near  the  forward 
and.  From  this  point  part  of  the  flow  on  the  wall  goes  into  two  spiral  points 
Sp j  and  Sp9  which  are  also  connected  to  two  saddle  points  Sa^  and  Sa^  . 
There  is  presumably  also  effectively  a  saddle  point  on  the  centre-line  of  the 
forward  edge.  At  the  aft  end  of  the  hole  there  are  two  saddle  points  Saj  and 
Sa^  the  latter  of  which  is  -»n  the  tunnel  floor  downstream  of  the  hole.  There 
will  also  be  further  complications  beneath  the  streamlines  from  Saj  which 
enter  the  hole.  The  saddle  points  ia^  and  Sa4  are  connected  to  the  spiral 
points  Sp3  and  Sp4  .  There  also  appear  to  be  special  features  of  the  flow  at 
the  points  Pj  and  P2  ,  where  the  edges  of  the  hole  are  roughly  streamwise. 

At  these  points  the  flow  appears  to  divide,  some  flowing  towards  the  saddle 
point  Sa^  and  some  screaming  to  downstream  infinity.  These  points  feature 
also  in  most  of  the  remaining  photographs  and  sketches. 

The  first  peak  in  the  drag  of  a  hole  (Fig, 13)  occurs  at  h/d  *  0.09  ,  The 
flow  for  this  depth  is  shown  in  Fig. 29,  where  it  can  be  seen  that  the  flow  is 
reversed  over  most  of  the  floor  of  the  hole.  The  main  attachment,  Saj  of 
saddle  type,  occurs  downstream  of  the  hole  and  there  is  a  complex  arrangement  of 
saddle  points  Sa2,  Sa3,  Sa4,  Sa5  and  spiral  points  Spj,  Sp2  Sp3>  Sp4  over 
the  upstream  part  of  the  floor,  together  with  a  further  presumed  saddle  point  on 
the  forward  edge.  The  flow  is  not  quite  symmetrical.  Asymmetry  appears  to  be 
a  dominant  feature  of  the  behaviour  of  the  flow  and  becomes  more  marked  for 
moderate  increase  in  depth.  The  asymmetry  is  not  thought  to  be  caused  by 
asymmetry  in  the  approach  flow  since  flows  of  either  hand  could  occur,  and  the 
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flow  could  be  seen  to  change  hand  when  the  flow  in  the  tunnel  was  deliberately 
disturbed  in  an  appropriate  way. 

It  might  be  argued  speculatively  that,  as  the  boundary  layer  approaching 
the  hole  leaves  the  curved  edge  of  the  hole,  there  will  be  a  progressive  change 
in  the  mean  speed  in  the  layer  so  that  the  transverse  vortex  vectors  will  be 
turned,  leading  to  the  creation  of  streamwise  vorticity.  This  vorticity  will 
be  of  opposite  sign  on  the  two  sides  of  the  hole.  Any  chance  disturbance  will 
lead  to  the  vorticity  on  one  side  or  the  other  becoming  larger  and  the  vorticity 
of  larger  magnitude  may  then  reinforce  the  mechanism  which  created  it  and  so 
dominate  the  flow. 

In  Fig. 30  h/d  is  increased  to  U.29.  This  is  at  a  trough  in  the  drag. 

The  flow  is  now  markedly  asymmetrical.  There  are  three  spiral  points  within 
the  hole,  one  on  the  floor,  Sp£  ,  and  two,  Spj  and  Sp^  >  on  the  wall.  The  two 
spiral  points  on  the  wall  appear  to  be  joined  by  a  separation  line  within  the 
hole  originating  from  a  saddle  point  Sa2  so  that  in  a  sense  the  flu  s 
contained.  It  is  assumed  that  the  low  drag  of  this  hole  is  associated  with  this 
containment  which  implies  that  there  is  not  a  great  exchange  of  fluid  between 
the  hole  and  the  outer  flow.  The  saddle  point  Sa2  appears  to  be  fed  by  flow 
coming  down  the  wall  from  the  sharp  edge. 

However,  when  the  depth  is  further  increased  to  h/d  *  0.47  (Fig. 31) 
which  is  the  depth  ratio  for  the  highest  drag,  one  of  the  spiral  points  (Spj  in 
the  previous  figure)  in  effect  lifts  clear  of  the  hole  so  that  there  is  the 
opportunity  for  considerable  spillage.  The  saddle  point,  Sa2  ,  which  joined 
the  two  wall  spirals  for  h/d  =  0.29  has  now  moved  on  to  the  flat  surface  down¬ 
stream  of  the  hole  at  the  left-hand  side.  From  this  saddle  point  there  appears 
to  be  a  streamline  going  ’upstream*  along  the  edge  of  the  hole  and  finally 
entering  the  hole.  Alongside  this  streamline  flow  appears  to  be  emerging 
vertically  from  the  hole  under  the  influence  of  the  strong  circulatory  motion 
within  the  hole.  On  the  right-hand  side  of  the  downstream  part  of  the  wall 
there  is  a  combination  of  nodal  (Nj)  and  saddle  (Sa^)  attachment  points. 

As  the  depth  of  the  hole  is  increased  to  h/d  =  0,60  (Fig. 32)  the  free 
end  of  the  vortex  lying  across  the  hole  moves  down  into  the  hole  and  becomes 
joined  to  the  left-hand  wall  once  more  at  Spj  ,  This  presumably  reduces  the 
spillage  of  air  from  the  hole  and  the  drag  falls.  The  complicated  combination 
of  nodal  (Nj)  and  saddle  (Sa^  attachment  points  on  the  downstream  wall  remains 
and  there  appears  to  be  an  additional  point  Sa^  on  the  downstream  edge. 


*» 


lf  V"  i  w 


22  Appendix  Aero 

1538 

At  a  depth  h/d  «  0.78  <Fig.33)  this  complication  has  disappeared  and  the  flow 
is  virtually  the  same  as  at  h/d  *  0.29.  The  drag  is  low  as  it  also  is  for 
h/d  ■  0.29  „ 

* 

The  final  three  sets  of  figures,  34,  35,  36  are  at  h/d  ■  0.86,  1.07, 

1.34.  The  flows  appear  to  be  all  of  the  same  kind  and  to  be  ouch  more  nearly 
symmetrical  than  for  smaller  depths  of  hole,  the  single  spiral  point  on  the 
floor  being  replaced  by  a  pair  (Sp£  and  Sp^).  Over  this  range  of  depths  the 
drag  varies  by  a  factor  of  more  than  2:1.  It  does  not  seem  possible,  on  the 
basis  only  of  surface  oil-flows,  to  give  a  clear  reason  for  this  drag  variation. 

However,  it  might  be  noted  that  the  ’wake’  for  h/d  ■  1.07  appears  to  be  wider 
than  for  h/d  ■  0.86  and  1.34.  Since  qualitatively  the  three  flows  appear 
the  same, the  drag  variation  is  presumably  associated  with  a  quantitative  change. 

Further  understanding  will  probably  therefore  only  be  obtained  by  detailed 
pressure  plotting. 
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constants  in  expression  for  drag  of  circular  holes  (equation  (4)) 

constants  in  expression  for  drag  of  steps  and  ridges  (equation  1)) 
c  chord  of  stub  wing 

Cp  drag  coefficient  based  on  either  frontal  or  plan  area  and  freestream 
kinetic  pressure 

CD  drag  coefficient  of  circular  cylinder  or  stub  wing  of  infinite  length 

00 

Cp  drag  coefficient  of  circular  cylinder  or  stub  wing  of  length  s  *  6^^ 

6 

c^  local  skin-friction  coefficient  in  absence  of  excrescence 
d  diameter  of  circular  hole  or  circular  cylinder 

F  drag  defect  function  (equation  (5)) 

h  height  of  step,  height  of  body  or  depth  of  hole 

h+  ■  u  h/v 

T 

£  streamwise  length  of  rectangular  hole,  length  of  chamfer  of  step,  or 

width  of  groove 

M  Mach  number 

r  radius  of  rounding  of  step  or  ridge 

Rec  Reynolds  number  based  on  freestream  conditions  and  chord  c  of  stub  wing 

Red  Reynolds  number  based  on  freestream  conditions  and  diameter  d  of 

circular  cylinder 

s  span  of  stub  wing  or  circular  cylinder 
w  width  of  rectangular  hole 

6  loosely,  boundary  layer  thickness  or  specifically  thickness  to  99%  free¬ 

stream  velocity  (6gg) 

v  kinematic  viscosity  based  on  wall  conditions 
p  density  at  wall  conditions 

x  surface  shearing  stress 

t'  effective  shearing  stress  on  a  hole 
u  friction  velocity  based  on  wall  conditions  ■  (r/p)^ 

T 
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Fig. 19  Drag  of  cylinders  of  infinite  length 
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